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Effects of aldosterone on NEM-sensitive ATPase in rabbit nephron
segments. Aldosterone (aldo) treatment of animals stimulates the rate of
H secretion in the collecting duct, a process which may involve an H-
ATPase sensitive to inhibition by NEM (N-ethylma!eimide). Therefore,
we determined NEM-sensitive ATPase activity in distal nephron seg-
ments from three groups of adrenalectomized (adx) rabbits maintained
on different doses of aldo (in an osmotic minipump) for seven days.
Group I was given 1.5 jzg aldo/l00 g body wt/day, whereas groups 2 and
3 were maintained on S tg and 50 g of aldoll00 g body wt/day,
respectively. Aldo concentrations in the plasma of groups I, 2 and 3
were 10.4 0.8, 70 7 and 408 133 ngldl, respectively. There was a
significant increase in NEM-sensitive ATPase activity in connecting
tubule (CNT) and cortical, outer and inner medullary duct segments
(CCD, OMCD and IMCD) but not in cortical thick ascending limb
(CTAL) and distal convoluted tubule (DCT) in group 2 as compared to
group I. A further increase in plasma concentration of aldo (group 3) did
not produce any more increase in N EM-sensitive ATPase activity in the
CNT, CCD, OMCD and IMCD, but did increase the enzyme activity in
the DCT. These results are consistent with the hypothesis that aldo
increases H secretion in the connecting tubule and collecting duct
segments by increasing the activity of NEM-sensitive H-ATPase
activity in these segments.
A proton-translocating ATPase (H-ATPase), sensitive to
inhibition by NEM (N-ethylmaleimide) and DCCD (dicyclo-
hexylcarbodiimide), but not oligomycin, has been reported to
be present in the mammalian kidney [1—41. It has been sug-
gested that this NEM-sensitive ATPase is involved in urinary
acidification in distal nephron segments as has been shown to be
the case in the turtle bladder [5, 6]. Recently, we and others
have developed sensitive microassays to measure NEM-sensi-
tive ATPase activity in the microdissected nephron segments
and the presence of N EM-sensitive ATPase activity has been
demonstrated in almost all segments of the mammalian nephron
[7—13]. However, the enzyme activity has been shown to be
influenced by acid-loading only in the collecting duct segments
[81. Acid secretion in the distal segments is not only regulated
by acid-base status but also by mineralocorticoids [14. IS].
Thus, the present study was designed to evaluate whether or
not renal tubular H-ATPase is modulated by aldosterone and
to localize the site of this control along the distal nephron. For
this purpose, we measured N EM-sensitive ATPase activity in
specific segments of the distal nephron from three groups of
adrenalectomized (adx) rabbits treated with different doses of
aldo for seven days. The nephron segments examined were:
cortical thick ascending limb (CTAL), distal convoluted tubule
(DCT), connecting tubule (CNT), and cortical, outer medullary
and inner medullary collecting ducts (CCD, OMCD and IMCD).
Methods
Animals
Experiments were performed on three groups of New Zea-
land white male rabbits. All animals were bilaterally adrenalec-
tomized under general anesthesia (with 50 mg/kg xylazine and
10 mg/kg ketamine). After the adrenalectomy, an osmotic
minipump (AIza, Palo Alto, California, USA) containing a
known amount of aldosterone (aldo) was placed in the perito-
neum of each animal. Group 1 was given 1.5 g aldo/l00 g body
wt/day. Groups 2 and 3 were given 5 and 50 j.tg aldo/100 g body
wt/day, respectively. All minipump implants were kept in place
for seven days after which the animals were sacrificed for
harvesting of the renal tubules. During the aldo treatment
period, all animals had free access to regular chow (Ralston
Purina, St. Louis, Missouri, USA) and drinking water.
Renal function
On fifth day following the onset of aldo treatment, animals
were individually placed in the metabolic cages and their urines
were collected for 48 hours for determination of urine volume
and concentrations of electrolytes (Nat, K) and creatinine.
On day 7, the animals were sacrificed and samples of blood
were collected for analysis of total CO2. creatinine, Na and
K. Total CO2 in the plasma was determined by a TCO2
Analyzer (model 954, Corning, Medfield, Massachusetts, USA).
Concentrations of Na and K in urine and plasma were
determined by flame photometry (model ILl43, Instrumenta-
tion Laboratory, Lexington, Massachusetts, USA). Concentra-
tions of creatinine in urine and plasma were determined by the
Jaffe's reaction [16]. Concentrations of aldo in the plasma were
determined by radioimmunoassay (Hazelton Laboratories,
Vienna. Virginia, USA).
Tubule inicrodissection
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The method for microdissection of specific nephron segments
from collagenase-treated rabbit kidneys has been described in
detail previously [17]. In brief, the animals were decapitated
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Table 1. Body weight, kidney weight and plasma composition of three groups of adrenalectomized rabbits given different doses of aldosterone
(aldo)
Aldo dose
pg/100 g
Group
No.
body wt daily for
7 days N
Body wt
kg
Kidne
g
Y wt Paido
ng/dl
PNa
mEqlliter
PTCO2
mM
PK
mEqiliter
1 1.5 7 1.44 0.06 6.1 0.6 10.4 0.8 138 0.8 28 1.3 4.3 0.1
2 5.0 6 1.43 0.06 6.1 0.4 70.5 7.0 141 2.0 28 1.5 3.4 0.l
3 50.0 5 1.34 0.01 6.0 0.5 408 133" 139 5.7 27 0.6 3.5 0.28
Each value is mean SE of N animals.
a P < 0.016 vs. group 1.
b P < 0.016 vs. groups I and 2.
and the left kidney was excised and perfused with a chilled
buffer containing (in mM): NaCI, 136; KCI, 3; K2HPO4, 1;
MgSO4, 1.2; CaCI2, 2; Na lactate, 4; Na citrate, 1; 1-alanine, 6;
glucose, 5.5; and collagenase (type I, Sigma St. Louis, Missou-
ri, USA), 0.1%; pH 7.4. The kidney slices were incubated in a
similar perfusion buffer for 30 to 60 minutes at 37°C, rinsed and
stored in the perfusion buffer (without collagenase) at 4°C until
use.
The nephron segments were dissected in cold perfusion
buffer (without collagenase) under a stereomicroscope and were
identified for topographical and morphological characteristics.
The cortical thick ascending limbs (CTAL) and distal convo-
luted tubules (DCT) were adjacent to the macula densa. The
connecting tubule (CNT) was the granular portion between the
bright (DCI) and the light portions of the distal tubule [18]. The
cortical collecting ducts (CDD) were the nephron segments
after the junction of the two tubules in the medullary ray of the
cortex. The outer and the inner medullary collecting ducts
(OMCD and IMCD) were taken from the outer medulla (inner
stripe) and inner medulla, respectively, The length of each
segment was measured by an eyepiece micrometer and the
segment was transferred to a reaction vial with 100 d of cold
hypo-osmotic solution. The hypo-osmotic solution contained I
mM imidazole, 1 mM MgCl2, 0.25 mi EDTAand 0.1% bovine
serum albumin. The samples were frozen in a mixture of dry ice
and acetone for 40 minutes. A total length of 0.3 to 1.8 mm of
tubules was used in each sample,
ATPase assay
The method for measuring tubular NEM-sensitive ATPase
activity has been described by us previously [81 and is summa-
rized here. Frozen samples were allowed to thaw gradually and
100 t1 of cold imidazole buffer (with or without I mMNEM) was
added to each sample. The imidazole buffer contained (in mM):
NaCI, 300; NH4CI, 200; MgCI2, 10; imidazole, 100; ouabain, 3;
and oligomycin, 0.015. The reaction was started by adding 100
l of the reactant solution (containing Na2ATP, 3.3 mst; phos-
phoenolpyruvate, 3 mr.s; NADH, 0.05 mM; imidazole, 50 mM;
pyruvate kinase, 7 U/mI; and lactate dehydrogenase, 10 U/mI)
to each sample and incubating the sample at 37°C in a shaking
water bath for 30 miniutes. The final composition of the
incubation mixture was (in mM): NaCI, 100; NH4CI, 66.7;
imidazole, 50.3; MgCl2, 3.7; EDTA, 0.08; Na2ATP, 1.1; phos-
phoenolpyruvate, 1; NADH, 0.017; ouabain, I; oligomycin,
0.005; pyruvate kinase, 2.3 U/mI; and lactate dehydrogenase,
3.3 U/mI; pH, 7.4. At the end of the incubation, the fluores-
cence of unreacted (residual) NADH in each sample was
measured immediately in a fluorometer (Turner model 110,
modified to accommodate a small volume). The excitation
wavelength of the fluorometer was set at 345 nM and emission
wavelength was set at 465 nM. In this assay, there is a
stoichiometric relationship between the oxidation of NADH (to
NAD which is not fluorescent) and the formation of ADP from
ATP. Thus, ATPase activity was calculated by comparing the
depletion of NADH in each sample with the depletion of NADH
with known amount of ADP (without tubule). The difference
between ATPase activity in the presence and the absence of 1
mM NEM was called NEM-sensitive ATPase activity. Tripli-
cate samples of various nephron segments from each rabbit
were assayed for NEM-sensitive ATPase activity and their
values were averaged. For statistical analysis, the number of
rabbits were used as "N."
Statistics
Statistical analysis was carried out according to analysis of
variance (ANOVA) and Bonferonni's method for individual
comparisons. Samples having P <0.05/n (where n is number of
comparisons) were considered significantly different from each
other.
Results
Animal body weights, kidney weights, plasma aldosterone,
plasma and urinary electrolytes, and creatinine clearance
There was no significant difference in the body weights and
the kidney weights among the three groups of animals (Table 1).
The mean aldosterone concentration in the plasma of group 1
animals was 10.4 0.8 ng/dl which is comparable to that of the
normal rabbits [171. The plasma aldosterone in group 2 was
significantly higher (70.5 7.0 ng/dl) than in group 1. This
shows that the group 2 animals were in a state of hyperal-
dosteronism. Aldosterone concentration in plasma of group 3
was significantly higher (408 133 ng/dl) than groups 1 and 2.
The increase in aldosterone concentration in the plasma of
groups 2 and 3 was not strictly proportional to the increase in
the dose of aldosterone in these groups compared to group 1.
This may be due to different rates of metabolism of aldosterone
at different concentrations of the hormone. The plasma aldos-
terone values reflect the steady state values at the end of seven
days of treatment.
There was no significant difference in the concentration of
Na and total CO2 in the plasma among three groups of animals
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Treatment
group no. N mEqiday
1 6 7.5 0.9 24 3 216 17
2 9 7.6 0.8 28 3 221 46
3 6 7.2 1.5 27 4 195 37
(Table 1). However, plasma K in groups 2 and 3 was signifi-
cantly lower than in group 1, There was no significant difference
in excretion of Na or K or clearance of creatinine among the
three groups of rabbits (Table 2).
NEM-sensjtjve ATPase activity in distal nephron segments
There was no significant difference in NEM-sensitive ATPase
activity in the CTAL among the three groups of animals (Fig. 1).
There was no significant difference in NEM-sensitive ATPase
activity in the DCT between groups 1 and 2. However, NEM-
sensitive ATPase activity in the DCT in group 3 was signifi-
cantly higher than in group I NEM-sensitive ATPase activity in
the CNT, CCD, OMCD and IMCD was higher in group 2 than
in group I (Fig. 1). Group 3 NEM-sensitive ATPase activities in
the CNT, CCD, OMCD and IMCD were similar to the elevated
levels seen in group 2.
NEM-insensitive ATPase activity in the distal nephron
segments
There was no significant difference in NEM-insensitive ATPase
activity in the nephron segments examined in the three groups
of animals except in the CCD of group 2. In this segment, the
enzyme activity of group 2 was significantly higher than group
1 (Table 3). It should be pointed out that the NEM-insensitive
ATPase activity is also insensitive to inhibition by ouabain and
oligomycin which were present in our incubation media (Meth-
ods). Therefore, NEM-insensitive ATPase should not include
Na-K-ATPase, mitochondrial H-ATPase, and plasma mem-
brane HATPase, and may be a mixture of some non-specific
(unidentified) ATPases. One or more of those unidentified
ATPases might have increased in the CCD.
Discussion
Our studies provide the first documentation of stimulation of
NEM-sensitive ATPase activity in the rabbit DCT, CNT and
three collecting duct segments (CCD, OMCD and IMCD) by
chronic aldosterone administration to the animal. There was
>200% increase in the enzyme activity in the IMCD when the
plasma level of aldosterone was increased from 10.4 0.8 to
70.5 7.0 ng/dl (group 2 vs. group 1). In addition, there was an
approximately 50% increase in NEM-sensitive ATPase activity
in the CNT, CCD and OMCD under these experimental condi-
tions. These results suggest that aldosterone may increase acid
secretion in the distal segments that have high affinity aldoster-
one receptors [19—21] by an increase in the activity of an
electrogenic H-ATPase reported to be present in the mamma-
lian kidney and sensitive to inhibition by NEM [1—4].
The reason for the lack of a further increase in NEM-
sensitive ATPase activity in the CNT, CCD, OMCD and IMCD
following a further increase in plasma aldosterone levels (group
3 vs. group2) is not known. However, it is possible that the
aldosterone receptors in the CNT, CCD, OMCD and IMCD are
near-saturated at a plama aldosterone concentration of 70.5
7.0 ngldl and further increase in plasma aldosterone does not
produce any additional stimulation of enzyme activity. Because
it has been shown that the acidification in the distal nephron is
dependent on buffer delivery [22, 23], it is also possible that the
lack of further increase in NEM-sensitive ATPase in the CNT,
CCD, OMCD and IMCD by further increasing the plasma
aldosterone levels (group 3 vs. group 2) was limited by buffer
delivery to these segments. Finally, it is also possible that the
increase in NEM-sensitive ATPase activity in the CNT, CCD,
OMCD and IMCD in groups 2 and 3 as compared to group 1 is
not a direct effect of aldosterone, but is produced by a second-
ary effect of the hormone, such as hypokalemia, which was
similar in groups 2 and 3. Chronic hypokalemia has been shown
to increase NEM-sensitive ATPase activity in the OMCD [10].
NEM-sensitive ATPase activity in the DCT did not change
significantly when the plasma aldosterone was increased from
10.4 0.8 to 70.5 7.0 ng/dl (group 2 vs. group 1) but did
increase significantly when the plasma aldosterone increased
from 70.5 7.0 to 408 133 ng/dl. This effect may be due to an
interaction of aldosterone with glucocorticoid receptors be-
cause high affinity aldosterone receptors are reported to be
absent in the rabbit DCT [20].
Although the CTAL had a significant NEM-sensitive ATPase
activity in all three groups of rabbits, there was no difference in
the enzyme activity in this segment in spite of substantial
difference in the plasma aldosterone levels in the three groups
of animals. Absence of change in NEM-sensitive ATPase
activity in the CTAL suggests that NEM-sensitive ATPase
activity in this segment is aldo-insensitive.
It should be pointed out that NEM is a non-specific inhibitor
of ATPases. However, NEM-sensitive ATPase activity in our
experiments probably does not include a major contribution of
the activities of three ATPases, Na-K-ATPase, mitochondrial
H-ATPase and CaATPase, because our incubation medium
had no but contained EDTA, ouabain (to inhibit Na-K-
ATPase) and oligomycin (to inhibit mitochondrial HtATPase).
However, it is likely that NEM-sensitive ATPase activity in the
rabbit nephron segments may not only include plasma mem-
brane H-ATPase but also H-ATPases reported to be present
in other subcellular organelles such as endocytic vesicles and
golgi [24,25]. In addition, it may include the soluble part of
mitochondrial H-ATPase because the solubilized enzyme is
insensitive to oligomycin. Because of the non-availability of any
specific inhibitor of electrogenic plasma membrane H-pump,
NEM has been used by us [7, 8] and others [10—13] for
determination of HEATPase activity in various nephron seg-
ments.
Administration of a maintenance dose of aldo (1.5 g/l00 g
body wt/day) to adx rabbits (group 1) produced a steady-state
plasma aldo of 10.4 0.8 ng/dl (Table 1) which is comparable to
plasma aldo of 18 6 ng/dl in adrenal-intact rabbits [17].
NEM-sensitive ATPase activities in distal nephron segments of
group I animals (Fig. I) were also comparable to those of
adrenal-intact rabbits which were (in pmol . min . mm1): 6
Table 2. Urinary excretion of Na and K and clearance of
creatinine in three groups of rabbits
UKV Ccr
mi/hr
Each value is mean SE of N animals. Treatment groups are as noted
in Table 1.
>
0
0
a
wz
Table 3. NEM-insensitive ATPase activity in different nephron
segments of three groups of rabbits
Treat-
ment
group N CTAL DCT CNT CCD OMCD IMCD
1 4—7 3.4±1 9±3 8±3 9± 1.6 4.5± 1.7 11±4
2 6—9 5.0 2 23 4 23 6 16 2.4a 9.2 1.5 15 3.3
3 5—6 5.0 1 17 4 24 9 12 2.4 9 1.4 20 4.6
The enzyme activity is mean SE of N animals expressed as
pmol min' mm -. Treatment groups are as noted in Table 1.
a P < 0.016 vs. group I.
1.2 inCTAL, 16 2 inDCT, 30 8 in CNT, 11 2 in CCD,
9 1.2 in OMCD and 11 2 in IMCD (our unpublished
observations). Therefore, our group 1 animals can be consid-
ered as normal controls.
Although the increase in NEM-sensitive ATPase activity in
the CNT, CCD, OMCD and IMCD following the increase of
plasma aldosterone from 10.4 0.8 to 70.5 7 ng!dl probably
represents an increase in plasma membrane H-ATPase activ-
ity in these segments, a precise quantitative relationship be-
tween H secretion and the enzyme activity can not be deter-
mined because of the lack of the specificity of NEM as well as
the following additional reasons. Mineralocorticoids probably
stimulate renal acidification rates in the distal segments by two
mechanisms: a) by increasing Na-pump activity which will
produce an increase in Na reabsorption and lumen negative
potential difference; and b) by increasing the activity of the
electrogenic H-pump. Therefore, an increase in NEM-sensi-
tive ATPase activity in the distal segments by aldosterone
treatment of the animals in this study gives only an estimate of
an increase in Hi-pump activity in the CNT, CCD, OMCD and
IMCD. However, we believe that our data support the concept
that at least a part of the stimulation of H secretion in the
acidifying nephron segments (CNT, CD, OMCD and IMCD)
occurs through activation of existing H-pumps or synthesis of
new H-pumps in these segments. On the other hand, the
increase in activity of NEM-sensitive ATPase in the DCT by a
high dose of aldosterone may or may not represent an increase
in H-pump activity, because the DCT is a poor acidifying
segment and secretes H only under metabolic acidosis [26].
Aldosterone administration to rats has been shown to in-
crease NEM-sensitive ATPase activity in the OMCD [12].
Chronic administration of mineralocorticoid (deoxycortico-
sterone) to rabbits as well as in vitro incubation of rabbit
OMCD with aldo have been shown to increase Na-independent
H secretion in the OMCD [27]. In this study we have demon-
strated that NEM-sensitive ATPase activity is increased in
rabbit OMCD after aldo administration to the animals. Further-
more, our results demonstrate for the first time that NEM-
sensitive ATPase activity increases in the IMCD by an increase
in the plasma aldosterone in the rabbit. The micropuncture and
microcatherization studies have shown that IMCD is an acidi-
fying segment [28—32] and the acidifcation by this segment is
influenced by aldosterone [32]. Therefore, it is likely that H
secretion in the IMCD is influenced by aldosterone through
activation of NEM-sensitive ATPase.
Although considerable activity of NEM-sensitive ATPase is
reported to be present in the CCD [8, 11—131, there is no
uniform agreement on the regulation of the enzyme in this
segment. For example, we found an increase in NEM-sensitive
ATPase activity in the CCD during metabolic acidosis [8] and
after an increase in the dose of aldosterone (present study).
Sabatini, Laski and Kurtzman [331 also reported an increase in
NEM-sensitive ATPase activity in the CCD of the rat after
metabolic acidosis. However, Mujais [12] did not find any
change in NEM-sensitive ATPase activity in the rat CCD after
administration of 5 p.g aldo/lOO g body wt/day for seven days to
adrenal-intact rats. The reasons for these discrepancies are not
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Fig. 1. NEM-sensitive ATPase activity in
distal nephron segments of adrenalectomized
rabbits given different doses of aldosterone
(a/do), Group 1 () was given 1.5 sg aldo/lOO
g body wt, daily for 7 days. Group 2 (0) was
given 5.0 sg aldo/lOO g body wt, daily for 7
days. Group 3 (0) was given 50.0 ,sg aldo/l00
g body wt, daily for 7 days. Each bar
represents mean SE of 4 to 9 animals.
*significantly different (P < 0.016) from group
I (same segment). The abbreviations used for
each nephron are the same as in the text.
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known but may be due to differences in animal species (rat or
rabbit), treatment of the animal (acid load or aldosterone) and
different experimental conditions and assay methods used by
these investigators.
In summary, we have demonstrated that NEM-sensitive
ATPase is present in the CTAL, DCT, CNT, CCD, OMCD and
IMCD of the rabbit nephron and the enzyme activity is in-
creased by increasing the dose of aldosterone administration to
the animal in the CNT, CCD, OMCD and IMCD. Our present
and previous results are consistent with the hypothesis that at
least a part of NEM-sensitive ATPase in these segments repre-
sents H-ATPase which is involved in H secretion and is
regulated by aldosterone levels in the plasma and metabolic
acidosis.
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